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ABSTRACT o

w!

The research rdescribed encompasses five tasks each of which treats, -
™

ﬁi

Tvom either an experimental or theoretical base, the measurement or X

interpretation of the high-temperature thermophysical behavior of model -

s-ivams which show petential applications to the ervironmental resistant
i g

raterials and the spacecraft survivability programs. While there is 2

<

significant overlap between these tasks, the first chapter is addressed to .

the environmental resistant materials programs, while the later four <

chapters are addressed to the spacecraft survivability program. =
Measurements have been completed, in a specially designed apparatus

i<

"=

3

-

ik

using state of the art pyrometery, on the triple point of graphite by a

pulse heating method. The surface radiance temperature of melting graphite 5

at a wavelength of 655nm is 4330 K, while the triple point is estimated to

e 4330 K with an estimated uncertainty of 150 K. . i‘
Calculational algorithirs based have been expanded to calculate direct

radiative interactions among many coupled channels and provide the .

continuum-continuum matrix elements needed in lineshape theory as well as

=
the bound-continuum matrix elements needed to describe photodissociation .
phenomena. Calculations have been made to study pressure broadening of o
pht
atomic lines in both weak and strong laser fields. Power broadening and
"
saturation of continuum transitions in intense multiphoton fields have also {}
bevn explored.
o
L]
A combined theoretical and experimental program is being pursued to e
increase the understanding of the relationship of structure and reactivity P
of graphitic species. This program focusses on the fundamental chemical
g
properties of verv large polyaromatic species. Theoretical methods have "
4 R I3 - 3 . !
w been developed that can reliably predict structure and reactivitvy of large -
. '_\- '
iii -
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graphitic structures. This theory, a modified Huckel approach, accurately

predicts enthalpies of formation of pi-radicals. A high temperature, low

pressure flow reactor has been built. This apparatus, which has a

:1 capability to 3000 K, will be used to test some of the results of the

i theoretical program.

i: The rates and mechanism of ionic polymerization in highly

‘\ unsaturated organic compounds, structures and thermochemistry of relevant
~

L2

ions, photodissociation of the polymeric ions, and the repair mechanisms
which generate polymeric ions after photodissociation have been studied.
The work focussed on the structure and reactivity of the phenylium ion,
which is ubiquitous in irradiated aromatic systems. Both the formation of
this ion and its reaction have been studied. Ionic condensation

mechanisms, which occur without activation barriers have also been studied.

Development of apparatus and techniques to study the molecular basis

for laser induced vaporization of refractory materials such as graphite

R T A
g

continued. The effects of laser energy, optical and sample geometry and

sample morphology on the distribution of the vapor phase species of carbon

o

ablated from a selection of graphites has been examined. Improvements have
oyt
;; been made in the experimental apparatus and the modelling of the results.
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DETERMINATION OF THE TRIPLE-POINT TEMPERATURE OF GRAPHITE
FROM MEASUREMENTS BY A PULSE-HEATING TECHNIGUE

A, Cezairliyan and A, P. Miiller

oo

.? ABSTRACT
i Measurements of soectral radiance of graphite in the vicinity
of its triple point nave been performed by a rapid pulse-neating
JE technique. The method is based on: (a) resistively heating the

Rl specimen in a pressurlzed gas enviragnment (.200 atm) from room
temperature to its melting point in less than 20 ms by passing an
electrical current pulse through 1ti and (b) simultaneously
measuring the radiance temperature of the specimen surface at

653 nm every 120 us by means of a high-speed pyrometer. The
results for two different grades of PQOCQO graphite (DFP-1 and AXM-
5Q1) are in good agreement and vyield a value of 4330 * S0 K for
the spectral radiarce temperature (at 4355 nmm) at the triple
point. On the basis of the present value and literature data for
normal spectral emittance, the true triple-poirt temperature of
graphite is estimated to be 45330 *+ 150 K.

1. INTRODUCTION

During the past decade or so, there have been numerous

‘5 studies of the solid-liquid-vapor triple-point of graphite

- reported in the literature (see reviews in Refs.[1,21). Most

b: measurements af triple-point pressure have vielded values in the
range of about 100-110 atm. However, the reported measurements

&

ﬂi of triple-point temperature are in considerable disagreement,

- yi1elding values which span the range of approximately 4000 to

b

¥ S000 K. The major problem in such measurements arises from the

. hi1gh vapor pressure of graphite at elevated temperatures: as the
triple-point i1s approached, a plume of cooler carbon vapor or

-

A

.‘ soot forms near the specimen surface., thereby severely limiting

o the accuracy of optical pyrometry.

,\‘

o~
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A feasibilty study (31 in our laboratory has shown that
effects of specimen evaporation on pyrometric temperature

0, measurements can be suppressed or at least minimized under

t

zertain conditiors, rnamely: (1) he pressurized irnert 5as

- environment af the specimen must cantain a small amount of oxygen §
ﬁi to combine with the opague carbon vapor, forming optically -
transparent gases CO and COz; (2) the specimen heating rate must E:

. be about 10™K-s~' or higher to minimize the effect of convective .ﬁ
,E: turbulence on the sighting path of the pyrometer. -
‘ As a result of this study, & high-speed six-wavelength :5

pyrometer was designed and constructed {41 to provide a means of _

T
A ALk

“ . . . -
; estimating true temperature of a rapidly—-heated specimen from

accurate measurements of surface radiance. Measurements to

W,

determine the triple-point temperature of graphite were then

initiated (S51. Unfortunately, accurate resulits for temperature :é
were precluded by a laong-term drift in the response of the new

™
pyrometer discovered during the course of successive calibration "
;j experiments. The source of instability was subsequently determi- ﬁ
"4 wl

¥ ned to be the interference filters which have now been replaced.
v
The present report briefly describes (a) recent measurements E?
’%, on twao different grades of POCO graphite at temperatures in the <
-, N
vicinity of the triple point, (b)) results for the radianrce -
temperature (at 633 nm) of graphite at its triple point from -

which an estimate of the true triple-point temperature is made.
An alternative method of determining true temperature is also

briefly discussed.
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2. MEASUREMENTS AND RESULTS

P
P

- Details regarding the construction and operation of the

measuramenrnt sv

]

tem, which includes an el=zziriz Zower-zsul

1l

-
PR

) 4

{ circuits a high-pressure experiment chamber, the multi-wavelength
E “. pyrometer, and a digital storage oscilloscope; are given in the

* e previcus report [3]. A significant improvement in time resclu-
% i? tign (& factor of six) was achieved 1n the present work by

E ‘ replacing the digital scope with a new data acgquisition system

: Eé capable of digitizing the pyrometer signals with 13-bit resclu-

j ", tion at rates of up to 100 kHz.

;; v The first step 1n the two-stage calibration of the six-

ii wavelength pyrometer has been completed. It involves calibrating

;2 } the 6355 nm "channel" in a steady-state experiment with a

'3 {' tungsten-filament 1amb which, in turn, had been calibrated

j !_ against the NBS Photoelectric Pyrometer operating at the same

; N effective wavelength. The second step consists of tranmsferring

; Ej the calibration to the other five channels (centered at 300, &00,
. . 700, 800, and 900 mm) by means of a steady-state blackbody

»3 i furnace. A graphite furnace, which has been recently installed
‘5 ;; for this purpose, is currently being tested to determine its

‘ & blackbody quality.

’

JS fs Specimens were fabricated in the form of rectanrgular strips
§ - from graphite material which was supplied by the manufacturer 1n
. i; the form of thin (0.3 mm) sheets and designated as either PQCCC

= o DFP-1 or POCO AXM-3Q1. The naominal dimensions of each strip was

AR
3
w




' 25 mm long by 3 mm wide. The center portion of each strip was

A A8
¥ -1
v “mecked-down” in order to define a small "effective' specimen r
)H
F with nomirnal dimensions of 2mm long by 1 mm wide. This procedure x
{ —2duzed tre effactive surface arez of the sgecimer and Rence, the
\ -
S amcunt of carbon vapor released sirnce melting was limited to the :‘
’::
b effective portion only. .
’. . .
h - Prior to each pulse experiment, a strip specimen was mounted s
vertically inside the experiment chamber which was then filled o
o with the desired amount of oxygen (partial pressures in the range
- od !
- Can
Y of 130 to 600 psig) and finally pressurized with argon to !
e =
2, approximately 3000 psig (~200 atm). Upon equilibration of the L
o gas mixture, the circular viewing target (diameter = 0.3 mm) of
o0 .
- the pyrometer was focussed on the surface of the "effective" .
:1 specimen. The specimen was then rapidly heated from room
L temperature to its melting temperature in less than 20 ms by "
3ot : _ : ‘
; passing an electrical current pulse through it. The heating rate
. e
O varied with experiment in the range 2x10® to Sx10® K-s—1t. ;
-'_“n
34 The variation of surface radiance temperature (at &55 nm) o
h\~ .-‘
5 with elapsed time during a typical pulse-heating experiment is
-
»}; presented in Fig.l1. The plateau in the temperature-time function :
..
o s a characteristic of solid to liquid transformations; the .
-, s
3 glassy appearance of the remaining portion of effective specimen -
ey
A provided further evidence that melting had occurred. In all x;
fﬁ casess the plateau radiance temperature, which 1s indicated by
Y
-y o
' the horizontal line in Fi1g.l, was taken as the maximum temperat- )
i
=N ure along the initial flat portion of the plateau. ,
» . <.
~- e ."
2 “ -
o d
w).? )
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The results for plateau radiance temperature determined from
rapid melting experiments on two different grades (DFP-1 and AXM-
SQL)Y of POCO graphite are summarized in Fig. 2. As may be seen,
the plateau temperature decreases linearly with oxygen Zorsarc o
the pressurizing gas enviraogment. The effect appears to arise
from the reaction of carbon in the specimen surface with excess
oxygenr in the immediate vicinity of the specimeni the reactian
(combusticn) produces additional visible radiation wnich 1is
detected by the pyrometer. This suggests that the "correct”
radiance temperature at melting may be determined by extrapolat-
1ng the measured values to zero oxygen content.

The values of plateau radiance temperature were fitted by a
linear functior of oxygen part:al pressure by means of the least-
squares method; the function 1s represented by the solid straight
lire in Fig. 2. Upon extrapolatior to zero oxygen content, the
function yielded a value of 4330 K for the radiance temperature
(at 655 nm) of graphite at its triple paoint,

The major sources of error in the temperature data arise from
(1) zalibration and operation of the pyrometer, and (2) physical
and chemical conditions of each specimen.

A detailed analysis of sources and magnritudes of the errors
in temperature measurements with a similar high-speed pyrometer
is given in a earlier publication [&]. Allowing for differences
between present operational conditions and those in the earlier

study, we estimate the maximum error attributable to pvrometr, to

be about 25 K.




The errors arising from specimen conditions are considerably
more difficult to assess. A measure of variability 1n specimen
conditions s given by the maximum range of plateau radiance
temperatures observ=sd for 3 given oxygen zortent !
wnich is about 20 K. There 1s also an additional uncertainty
associated with assigning the present value of 4330 K to the
triple polnt since our measurements were performed at ~200 atm
~ather than at the triple-point pressure of ~1C0 atm. However ,
this error appears to be small, less than 2 K, on the basis of
the T-P phase for carbon determined by Bunrndy [7].

Thus, the total uncertairty (errors due to pyrometry and

specimen conditions) in the reported radiance melting temperature

1S estimated to be not more than + SC K. It may be concluded
tnat the radliance temperature (at 433 nm) of graphite at its
triple point 1s 4330 + SO K,

True temperature may be determined from measured spectral
radiance temperature by means of Planck’s law i1f the normal
spectral emittance 15 known at the given wavelength. A data
compi1lation on thermal radiative properties by Touloukian and

DeWitt [8] shows that, for different surface conditions, the

St
SRS LN

normal spectral emistance (between 430 and 465 nm) of graphite is

» ! \._

1n the ~ange 0.8 to 0.9 at 1300 K and that, this propertv is a

e
St e

slowlv varvying function of temperature. By extrapclating the

trend 1n values between 1100 and 33C0O0 K to temperatures approach-

W1,
P .
3 PR
w SN
Vs

’

1ng the triple point, we estimate the normal spectral emittance

fat &33nm; of graphite at its triple point to be 0.8 + O.1. Onr
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the basis of the extrapolated value for emittance ard tne prasent
value for radiance temperature, the true triple-pocint temperature

of graphite is estimated to be 4350 + 1S5S0 K,

3. CONCLUDING REMARKS

Additional pulse-heating experiments on graphite are planned
when the multi-wavelength pyrometer 1s fully calibrated; these
must awailt final tests on the steady-state blackboay furnace
which will be used to transfer the calibration of the o35 nm
"channel" to the other five wavebands, centered at effective
wavelengths between 500 and 200 nm. Spectral radiance data in

six wavebands should yield a more accurate estimate for ncrmal

spectral emittance of graphite at 1i1ts triple‘point and thereby, a
better estimate for the true triple-point temperature.

An alternative method of measuring the true triple-point
temperature is also being studied. This involves similar rapig
melting experiments but with graphite specimens which are
fabricated in the form of thin—-walled tubes having nominal
dimensions: 23 mm lengthy, 3 mm outside diameter, 0.3 mm wall
thickness. Each tube 1s mounted horizontally 1nside the high-
npressure c“hamber and the pyrometer 1s sighted axi1ally, 1intoc one of
the spen =nds, thereby approximating blackbody conditions. As
vyet, these experiments have not vielded meaningful temperature
data due to problems associated with carbon vapcr condensation at
the clamped {(cold!) ends of the tube. The results suggest that

significantly higher heating rates may be reguired.
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Broad-Band Spectroscopy of Small Molecules in

Intense Laser Fields

Principal Investigators: P.S. Julienne and F. H. Mies

Introduction

The general goal of this research 1is to provide calculations of
radiative cross-sections, fragment state distributions, and intense laser
saturation effects for broad-band, wavelength insensitive continuum
spectral features of small gaseous molecules of possible interest in
spacecraft survivability. Specifically our goal 1is to understand the
interaction of intense laser radiation with gaseous material either burned
off or deliberately released from a target. In addition to providing data
of possible wuse in designing heat shields and reflective coatings,
knowledge of the resultant fluorescence of ablated surface material during
and following 1laser illumination of a target might serve as a useful tool
in discrimination between heavy targets and lightweight decoys.

Theoretical input into this program is provided by extensive sets of
computer codes available to the quantum chemistry group. State of the art
calculations of any necessary molecular potentials, couplings and radiative
transition dipoles can be obtained. Scattering codes provide rigorous
non-pertubative radiative scattering matrix elements needed to evaluation
attenuation coefficients for intense, saturating laser radiation
propagating through gaseous vapors. Of necessity, the program also involves
extensive analysis of many new theoretical features introduced by very

intense laser fields.

Summary of Accomplishments in FY 1986.

Qur original 1intention for this year was to concentrate on the
development and expansion of our photodissociation codes since we
envisioned this as the principal broad-band absorption mechanisﬁ that might
contribute <to passive spacecraft shielding. However, after attending the

1985 AFOSR conference on Laser-Material Interactions in Albuquerque, we
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became convinced that, because of the high pressures and temperatures
associated with laser ablated vapors, we should place greater emphasis on
the study of the lineshapes of pressured broadened atomic and molecular
transitions in intense laser fields as a possible mechanism for absorbing
incoming laser radiation.

Our scattering programs have been expanded to allow for direc:t

radiative interactions among many coupled channels, and now provide the

conclinuum-concinuum  scattering matrix elements needed in linesniape theorv,
3s well as the bound-continuum matrix elements required =to describe
ohotodissociation. Several calculations have been performed to studv the
pressure broadening of atomic lineshapes 1in both weak and strong laser
fields. In particular we have gained extensive experience in calculating
very accurate nonadiabatic etffects in the conventional weak-field limict,
and have performed vpreliminarv calculations which exhibit the power
broadening and the saturation of continuum transitions in intense,
mulziphoton fields. Minifestations of a.c. stark shifts and the laser-
induced ollow lineshape issociated with the dressing of fragments by the
radiation field are -extracted <Irom the numerical results. This suggests
that normal perturbation zheorw as applied to radiative interactions must

be carefully scrutinized when applied to laser attenuation mechanisms.

Scattering in the Presence of Radiation

The general goal of this research 1is to provide calculations of
radiative cross-sections and fragment state distributions associated with
the collisional broadening and photodissociation of small molecules. This
vear we have developed extensive experience in calculating various
nonadiabatic effects in the conventional weak-field 1limit, and have
expanded our codes to treat the saturation of continuum transitions in

intense, multiphoton fields.

1. Non-adiabatic Theory of Atomic Broadening in Weak Fields.

(a) Redistribution Calculations for Sr(1P~IS) + Ar. We completed our

close-coupled calculations of polarized light redistribution in the Sr + Ar
system. The calculations predict the polarization ratios of Sr(lP)

fluorescence following line wing excitation by either linear or circular

. T T ..
P RS
.

ww T yFTvVes'TryrT RN W

Readiatc

a
TN
«te

o

LI |

N

~y
-

b1

-
]

P
L
2wl

gl




polarized light. Ab initio calculations were used to obtain the ground and

,:_ excited SrAr molecular potentials, which were adjusted modestly =Zo give
~ improved agreement with experiment. The radiative scattering theory gives
| ‘ a unified description of the absorption coefficient and subsequent
| 'a fluorescence from the small detuning impact limit region to the far wings.
.. The <cross sections for depolarizing collisions of Sr(lP) + Ar were alsc
;ﬁ calculated. The calculated absorption coefficient, impact broadening rate.

Ltinear and circular polarizacion ratios, and depolarizacion rats
coefficients are for the most part in good agreement with a diverse set of

2xperimental data.

at (b) Redistribution Calculations for Na + Rare Gas. We have used our
* close-coupled codes to calculate final state branching ratios for fine
Qj structure states and alignment/orientation for Na(zPezs) + He Ne, Ar
e svstems, and have obtained good agreement with experimental measurements.
~ In analysing the exact close-coupled data we uncovered a useful spin-
Ei uncoupling approximation of the collision dynamics and its dependence on
collision velocity.
i (c¢) Lorentzian Pressure-Broadened widths for Na. We have calculated
the Lorentzian pressure-broadened widths for both the D1 and D2 lines of Na
'ﬁ broadened by collisions with He, Ne, and Ar. In addition we have performed
the first calculation of the so-called asymmetry parameter which has been
,¥ widely observed in the impact regions of atomic lineshapes. The absorption
o profile within the impact limit for one of the isolated 2?. fine structure
. lines may be written as

‘Yj(Aj)/W

" I(a,) =
] 8.-5% + 720
( 3 j) + 7j( )

where Aj and 6j are the respective detunings and shift of the line. The
= detuning-dependent quantity yj(Aj) may be shown to have a finite limit as
4,0 and exactly equals the wusual impact limit broadening coefficient,
. i;cluding the effects of both elastic and 1inelastic collisions. The

A dependence on detuning gives rise to the Lorentzian dispersion asymmetry
- which has been observed for Na + rare gas systems. We have calculated the

radiative scattering cross section for detunings near the Dl and D2 lines
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, BENES |
A e et ta e R IMRES A A A A Sotmb tenCoal W M KBy S bind abededetitl

- -
AR 5 e
#A.‘f&ﬁ)(‘."'ﬁ_ﬁg A 4.._.-_f ..JJ.IA L.‘



FA V)

£ 12

S TR T T
SR AL

~

o

Ty e
t’ P *

D

oy

for Na broadened by He, Ne and Ar. The widths and asymmetry parameters are

qualitatively in agreement with measured wvalues. Deficiencies in the
existing molecular potentials limit the expected accuracy of the scattering

calculations.

ro

Nonadiabatic Theory of Redistribution in Strong Fields

(a) Collisional Redistribution of Resonant Radiation. Close-coupling
codes developed for scattering 1in the presence of radiation fields have
been used to calculate the pressure broadening and collisional

depolarization of the Sr resonance transition in strong saturating fields

Sr(lS) + Ar + th - Sr*(lP) + Ar - Sr(lS) + Ar + fiw

As we increase the Rabi frequency QL and decrease the detuning ALof the
incident laser three observable properties associated with optical
collision processes are obtained from such calculations:

(1) Impact Limit Lineshape. As AL* 0 we can demonstrate that proper
pressure broadened half widths, which include both elastic and inelastic
collisional effects, can be rigorously extracted from close-coupled
radiat{ve scattering matrix element. The first manifestations of a.c. stark
shifts associated with the dressing of fragments by the radiation field are
extracted from the numerical results,and confirms the anticipated power
broadening of the Lorenztian absorption profile. This suggests that normal

perturbation theory as applied to radiative interactions must be carefully

scrutinized.
(ii) Inelastic transitions involving dressed atomic states. As QL increases
and eventually exceeds AL the asymptotic Sr atomic states become dressed.

Our fully quantal inelastic cross-sections can be wused to caiculate
population dedistribution rates in the presence of intense fields.
fii1) Collisional redistribution spectra in saturating fields. In strong

fields we obtain the redistribution spectra for Aw, in the impact limit and

R
find the zvpical three-peaked Mollow lineshape due to fluorescence between
dressed atomic states. Both the half-width and the polarization of the
emission peaks are calculated.

(b) Analysis of Multiphoton Lineshape Theory in Intense Fields. One

of the most <critical ingredients in understanding the interaction of
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colliding atoms and molecules with intense, multimoded laser fields is :he
calculation of <collisional lineshapes and the associated relaxation rates
for the optically pumped energy levels. In particular these are needed <o

define the redistribution spectra which might serve as a diagnostic of cthe

laser-induced vapors. Two complimentary theoretical approaches are used
to describe these phenomena. The first is represented by our "optical
collision” approach here at NBS where we <calculate the radiacive

scattering matrix elements for atom-atom scattering in the presence of
intense monochromatic laser fields. The calculations incorporate manv
subtle and sophisticated non-adiabatic and inelastic effects which are
often neglected in conventional lineshape theory. However, these data that
we gZenerate must then be 1incorporated into very subtle and complicated
theoretical expressions for the density matrix of the interacting molecules
in the field of the pumping laser fields. Only then do our calculations
vield the proper description of the redistributed radiation.

The second theoretical approach is exemplied by the <tetradic
formalism developed by Prof. Ben-Reuven at Tel Aviv University using a
Liouvillian analysis of the molecular density matrix in the presence of
collisions. Fortunately, the formal ingredients of this sophisticated
theory are the very scattering matrix elements that are generafed by our
optical collision approach.

We have begun a collaboration with Prof. Ben-Reuven to explore the
relationship between the tetradic description of redistribution and the
close-coupled theory of scattering in strong multiphoton fields. So far we
have successed in showing the explicit relationships required to analyze

resonance fluorescence and resonant Raman lineshapes.

Atomic _and Molecular Scattering Theory

4

1. Half-Col.ision Amplitudes - Analysis of Exact Close-Coupled Codes. We

have previously wused a multichannel quantum defect analysis (MCQDA) of
exact close-coupled radiative matrix elements to show that these can often

Hhe factored as follows
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where the 'incoming' half-collision matrix Ni’i tracks the non-adiabatic
scattering of —the incident <collision complex. and Nf £ summarizes the
inelastic  behavior of the ‘outgoing’, radiatively excited collision

complex. We have speculated on the unitaritv of these matrices which would

justify the persistent used of the pure adiabatic Born-Oppenheimer matrix

A . BO . » . o . .
N A" eiement sf'i' in evaluating total radiative cross-sections for continuum N
», s

transitions. Based on a convincing but admittedly indirect numerical N

.:--.!

analysis of several previous studies we have been very confident in

"

(S

advancing the merits of this approximation. We have now modified our exact

close-coupled codes to extract the exact half collision amplitudes without

any commitment to unitarity. This new general capability of obtaining N

by

and N directly from close-coupled codes will enjoy a wide range of

apolicability in continuum spectroscopy and allow us to judge the validity

L As
—

Fak it

of the unitarity condition.

.

2. Multichannel Semiclassical Half Collision Amplitudes. In addition to

"l‘
3

solving the close-coupled equations exactly, we have developed a new

.t

simplified numerical procedure designed ¢to obtain the half collision .

-

amplitude  whenever the nov-adiabatic couplings are restricted to

assically accessible regions and the unitarity of N 1is insured. This is

equivalent to solving a set of coupled semiclassical equations. We begin

5y choosing a set of diagonal reference potentials tailored to the nature -3

of the exact interaction matrix. These are used to generate a set of >,

elastically scattered WKB reference wavefunctions. Two obvious choices

that we have explored in some detail are either pure diabatic, or pure 5?

adiabatic reference potentials, although in any given situation the oy

‘preferred’ choice 1is wusually self evident. By wusing a random phase :%

approximation to neglect quickly oscillating contributions to the close

coupled equations we «can develop a set of first order differential G?

equations for the half collision amplitudes which are perfectly unitary, o

and. in appropriate and well understood circumstances, reproduce the exact ;;

close-coupled amplitudes. This multichannel semiclassical approximation is

presently being applied to a number of interest situations, including <4
A

multichannel curve crossings, and asymptotic frame transformation among v

fine-structure states. 4
e
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if 3. Multichannel Photodissociation amplitudes. The expansion of our
multichannel close-coupling codes to calculate photodissociation cross-
sections 1s nearly complete. This gives very stable procedures for
‘ evaluating bound-continuum transitions, including all possible subtleties
associated with non-adiabatic effects in molecular dissociation. A
renormalized Numerov algorithm has been implemented into the codes for the
R calculation of the usual continuum-continuum S-matrix elements needed for
n coilisional problems, but more specifically for <calculation of bound-
- continuum transition matrix elements needed for photodissociation. This
algorithm 1is still being tested. In particular the code is designed to
~ calculate the final state distribution of the photofragments. Ultimately
) these exact matrix elements can be compared to the predictions of our half
N collision amplitudes based on MCQDA.
o Papers Completed in FY86
-
2 Three papers partially supported by this research contract have been
o accepted or submitted for publication.
() "Nonadiabatic Theory of Atomic Line Broadening: Redistribution
" éalculations for Sr(lP«lS) +Ar." P.S. Julienne and F. H. Mies, to be
published in Physical Review A.
-:: (2) "Radiative Scattering Close Coupled Calculation of Lorentzian Width
. and Asymmetry Parameters for Na + Rare Gas Systems" L. Vahala and P.S.
l_ Julienne, submitted to Physical Review A
R {(2) "application of Recoil and Frame Transformation Models for Collisional
:: Redistribution of Light" P.S. Julienne, L. Vahala and M.D. Havey,
'ﬂ submitted to Physical Review A
-
~ ;
-
N

P

RS o T T
A LA . - - LY . ." .. b .. ~ -. “w
e e e ol ol ’.z_‘.rﬂ‘.r PP I Y 4

PP PTG D W g0 Sy ]




GROWTH AND DECOMPOSITION OF GRAPHITIC STRUCTURES

Principal Investigators: S. E. Stein and R. L. Brown

Introduction

Graphitic materials are the most commonly discussed laser-armor protactive
materials for spacecraft. Upon laser heating, the molecular structures in these
materials decompose and reform, probably in both the vapor and condensed phases.
At present there exists no molecular understanding of these chemical processes.
This program intends to develop this understanding in order to assist both the
rational analysis of laser-induced ablation processes as well as the development

of improved protective materials.

The nature and reactivity of the chemical structures formed in these
processes can control the effectiveness of laser protective materials in several
ways. (1) The formation rate and nature of the volatiles produced may depend on
both the nature and concentrations of precursor sites in the solid as well as on
the reaction mechanism. (2) The chemical structure and reactivity of the
materials remaining after ablation by the initial laser pulse will be determined
largely by chemical factors. (3) The condensation of carbon vapors to form ':'i
refractory particles may not be controlled by diffusion, but by chemical )
reaction, since reformed structures must form strong chemical links to resist re- :}

evaporation.

The development of realistic working models for the above reactions

..
)
—mam—a

requires a substantial increase in our understanding of the structure and

reactivity of graphitic species. To develop this understanding we propose to

Bhi.

continue our combined theoretical/experimental program which focusses on the
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fundamental chemical properties of very large polyaromatic structures. Graphize
and nearly all carbonized organic materials are composed primarily of these

structures.

13

Early in <his program we discovered that the atomic orientation :
of these structures and their overall size were critically important factors in
determining the reactivity of these structures. Our theoretical work has
therefore been focussed on separating and examine individually these two vari-

ables. Our experimental program is devoted to examining well defined carbon

deposition reactions which can be connected with our theoretical work.
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Theory
-
Our major finding during the last year has been that a modified version of
classical Huckel theory is both qualitatively reliable and quantitatively i
accurate when applied to large polyaromatic species. In addition, we found that L
bHoth the simpler theories (PMO, structure-resonance theory and other perturbation e
~ methods) and the more computationally involved SCF-methods make serious ervrors in
- their extension to very large molecules. We now have a predictive theory that we ‘5‘
feel is not prone to major errors. Fortunately, this theory is sufficiently
N ‘...*
simple to allow calculations for molecules as large as we wish (up to several
thousand carbon atoms). One important result of this application is that attack g
of interior carbon atoms in graphitic sheets results in a significant loss of
3 3 » 3 . .V\
resonance energy and is thus not likely to be an important process in graphitic o
“
systems. Another finding is that large differences in reactivity between
o
different edge sites remains even in the limit of an arbitrarily large graphite
N structure. Simpler theories incorrectly predicted that all sites become equally o
o reactive in the limit of very large cluster size. More sophisticated theories i
® -
) incorrectly predict a finite, edge-dependent band gap in very large clusters as
. well as an unreasonable bond alteration. We have also discovered that this .
: e , . . o e
modified Huckel method accurately predicts heats of formation of pi-radicals.
This technique has not previously been thoroughly applied to these species, so o
that this observed accuracy strongly supports the reliability of this theoretical
approach. ﬁ;
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o In general terms, edge carbon atoms behave very much like those of normal

RN R

. polynuclear aromatic molecules, with properties depending strongly on the local

: structure. Phenanthrene-like edges are rather unreactive and thermodynamicallv

- stable. Thev are as susceptible to free radical and electrophilic attack as are

ztructurally related positions in naphthalene and phenanthrene. Anthiracers-

edges are thermodynanamically unstable and highly reactive, with propertiss com-

. parable to those of the linear polvacenes. Regardless of edge structure, in-

terior carbon atoms situated only several bond lengths from an edge have pro-

perties (bond orders, free valence) not far from those of che interior carbon

atoms in cata-condensed polyaromatic molecules like coronene. A significant

¢ general finding for the molecules studied is that there is only a weak relation

. between the position of the highest occupied molecular orbital and the reactivity

. of the most reactive position. For instance, while very large Series 3

G molecules (phenanthrene-like edges, see Fig 1) will have higher HOMO energies
than small Series 1 molecules (anthracene-like edges, see Fig 1), they will be

v far less reactive (cf., Figs. 2 and 3). This HMO method predicts that thermody-

. namic stability is strongly influenced by edge type. In contrast, because they

utilize local properties only, group additivity methods do not predict signifi-

cant edge effects.

Wave functions, which describe overall molecular properties, separate into

two distinct classes for molecules with reactive edges. Those of a more stable

o . . ; L R
N variety are qualitatively similar to those of an infinite plane and of the
jj: molecules with stable edges. Those of a less stable variety correspond to
orbitals whose electron density are located primarily at the edges. The latter
~
a7 . ; .
- variety lead to a near zero band gap, and the associated spectroscopic and
. electronic properties, for molecules of relatively small size. For example, a
; o
T
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molecule with reactive edges containing 60 carbon atoms has the same band-gap as

8

a molecule of the stable variety containing between 2000 and 2500 carbon atoms.

Experiment

Most of the year was devoted to the construction of a very high temperature,
low pressure flow reactor. A commercial graphite element furnace, capable of

achieving temperatures up to 3000 K has been modified and connected to a

specially-designed, differentially pumped mass spectrometric detection system.
Either molecular beam sampling or indirect detertion is possible. The reactor is

made of high density graphite, with a volume of ca. 200 cm3 and an exit aperture

v

14
3

of 3 mm diameter. This relatively large size will enable operation over a wide

range of well controlled pressure and chemical conditions. The inlet and flow

m

calibration system is near completion and will allow independent flows of two

\ {Sf .

reactants. Temperature measurement can be made by either thermocouples or

optical pyrometry.
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- Figure Captions

B

" Figure 1. Homologous series of hexagonally symmetric molecules.

Figure 2. Maximum free valence for each molecule in the four homologous series

W as a function of molecular size.

A

8 Figure 3. Energy of highest occupied molecular orbital (HOMO) as a function of
. molecular size. The reciprocal of the square root of the number N of
pi-electrons in the molecule was used for the abscissa. This was done to expand
i the scale near the origin (i.e., where N goes to infinity). The value of the

Huckel electron repulsion integral is the energy unit.

F T T T LT T N R T ST Pl IS T VL
P R e e C R e e e e e e e I

AT I 2 A S SRS A NI IP AT AP I DS NS REAFIPNPREAPIN SPE NP OEIE AP A AP AP DN A

LY




PR
‘v % %
R

»

@ .
- .

Series 2

Homologous series of h
molecules.

K=0

K=0

Series 3

Series 4

K=0

exagonallv svmmetric

-~




o
$

Series 1: =

Series 2:
*ﬁ* Series 3:

T
o
W
l1lilll

"
O 0O +

C Acwr gy v P
. *
«

Series 4:

5
o
a

#*

LIS J
'sl

1
NN

o

th

&
UL B A

.
[
Y

o
W

HE+ 4 +

b, N
Maximum Free Valence
o
W
E 3

o
a

9 o
= ¢ < <
) o
Oaq
& & *

llLllllLllLlLlolllLL|_]

a. 0s 0.10 0.1S 0. 20
N-I/Z

o
- Figure 2. Maximum free valence for each molecule in the four
homologous series as a function of molecular size

YR}
Wt
ESP AR

=~ Ly s W, W, ~ S T Rt el I R TG T B g L W e
" P e S WA I NI A SR Y 4 N g [ ~ LY ‘< -
T L‘ :\-'\.-\l: 4,.4, ‘nl.'. = " I LA ‘.]:-. -, LA N S L L ! o,
e A St C A : oray 2 - {J ’ ;’L &-"ﬁ{ '?f‘.;"i-.' :,\ -2.":“::1:::"\."".- ‘J'\.' .":- J‘: L ?J': 2 -':d .\'IL W P e W o L a Ee } o o

oy

--------- =
n




[ CAUNNMNE (OSNs

LN

Hi

ghest Dccupjed Orbital

Energy of

~-0. 4

-0. 1

|
o

[
o

A M
.

o

1

0
LI

B O * Series 1: =
" O ¥

B o * Series 2: +

* Series 3: g

< Series 4: o

»*

J . | I | 1 1.1 1 | AJ | S - | lg,l )

Figure 3.

-

- - - - . . . - . Tw - .. - .t et
e e T e (K. e l(.“\A-,.A\A,;_‘K‘XLL‘l"L‘-L L)

0. 05 0.10 0. 1S 0. 20
N—I/Z

Energy of highest occupied molecular orbital (HOMC) as a
function of molecular size. The reciprocal of the square
root of the number N of pi-electrons in the molecule was
used for the abscissa. This was done to expand the scale
near the origin (i.e., where N goes to infinity). The
value of the Huckel electron repulsion integral is the
energy unit.

26

R AU e

S - P
PP Pt A U DL S N TR I -
K « D b B -

AR

.

'y
g

on. of

e
o,

|

«_5

ety

.
o

4+

L DL TN




A eal Sl Sal Falh vat Maf bl bah W b safl cok Gad ol tel Sok ok ind of aod g Ao ek el b B d’ Sud dod |

N BULLD=-UP AND ILRRADIATICON OF OBSCURING CLOUDS UNDER NEAR-VACCUM CONDITIONS:
- APPLICATION TO SPACECRAFT SURVIVABILITY

Principal Investigators: Thomas J. Buckley
Sharon G. Lias

c

‘ For understanding the generation and dispersal of smoxes and

JJscuriag @aterials in space, the kinetics of evapnporation of refrac-
p) tory materials under laser irradiation, and condensation srocesseas
Y leading to the formation of microscopic particles, graphitic materials
|~‘..
(Y]
and polyarylacetylenic polymers are of particular interest. This
-
g project involves the molecular-level study of ionic polvamerizatinn
) mecnanisms in polyunsaturated linear and aromatic compounds, the
ﬂ"
r* structures and thermochemistry of relevant ions, the photodissociation
. Df tae polymeric ions, and the repalir mechanisms which regenerated the
polymeric ions after photodissociation. The model systens studied
. ‘ . , i
F' previously (diacetylene, cyanoacetylene, cvanogen, phenvlacetvylene and
¢ ]
. s:yrgne)l’z’3 were focussed on highly unsaturated organic compounds in
R
L
‘s which positive ions are generated and undergo rapid polymerization
L_ #~ith surrounding neutral molecules (which can be identified with
molecules vaporized from a graphitic surface material). The product
,""" ] )
"~ ions from these ion/molecule reactions are larger unsaturated species
- wnich nave broader absorption spectra and thus are more desirable as
< spacecrdaft obscurants.
=~ Conclusions derived from earlier work of this project are that
-
‘ \ . . . - + - .
the highly unsaturated tragment ions (for example, Cqu and paﬂq+ in
. phenylacetylene) react at every collision with the precursor aromatic
. molecules, and tnat efficient condensation reactions occur followed by
Ll elimination of a molecule of acetyene. The parent radical caticns in
i.: L3
:g- .. these systems react with the corresponding neutral molecules to form
’.: N
e
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oy condensatlon  19ns, gyhich then dissociate by the elimination of a ey
N .

c@ .

L)

.: stable molecule (benzene, hydrogen, ethylene, or acetylene for ex-

[

v

[

P 5y
ample). -’v}-i

The ICR cell is fitted with a quartz window, and the ions can be

A irradiated with (a) a xenon arc lamp fitted with various interference B
. fiiters which allow one to irradiate the trapped ions with monochroma- ~—
" ?
- ‘s
o tic light, aand (b) an argon ion laser. Studies on the photodissocia-

L J‘t: 1}\
. tion mechanisms of parent radical cations and ionic products of o
o o

isn, moieculs reactions have been carried out. In these studies three .

[~ }%

- different types of behavior have been seen: 1) the loss of small :

::; moiecules which shorten the carboa chain, 2) the loss of a molecule of -

% e

avdrougen resulting in an increase in the degree of unsaturation, 3)

]

- . -
. the Lluss of monomer molecules which is equivalent to depolymerization. -
| '-..

L Further, the photodissociation mechanisms of the ions have been divrec-

| ' i

Y tly determined, and the modes of reaction and structures of dissocia-

Ey

~ . -
3 tion products have been examined. At the present time, little is .

SAS X

i ."- . . . h

b known about photodissociation mechanisms of ions formed as products of

!

ol ion/molecule reactions. =2

o worx duriag FY86 focussed on two problem areas: (a) the chemis- -
N, NS
~', . A . . + . . . . . . S
W try of tne phenylium ion (c—C()H5 ), which is ubiquitous in irradiated
'

- ] . . . . - -

o5 aromatic systems; and (b) on detailed examinations of the actual mech- o

,\': ) .

S Aauisms orf ionic condensation processes.

Al

o L
.l i e
1 Structure and Reactivity of the Phenylium Ion

1 y

~ Until our recently completed work™, little was known about the :

-{.‘ -
n"

V? structure and reactivity of the phenylium ivn. Dur results have demon-

V -
- <

strated that praevinous conclusions derived from collision-iaduced- - ]

. v

. dissociation (CLD) experiments wWwere incorrect. That is, earlier re- 4
- :

'-’.‘ \,-
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L y -
4 - .
.

N
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sults had led to the conclusion that acyclic CbHS+ ions are reactive
wizh acetvlene, and phenylium ions are unreactive; our study proves
conclusively that the cyclic C6H5+ are reactive, while the 1icvelic
isvamers are anreactive with aronatic molecules and alkvnaes., Rate
constants rfor reactions of C6H5 had not previously been measured.

From ab iaizio calculations, 1t was xnown that the most stabhle
vty ion is the singlet phenylivm {ion, while acyclic isomers are
preaicted to have heats of formation at least 15 «&cal/mol higher.
Fruoa tais knowledge 0I the energetics, it necessarily follows that
pheaylium ions are uniquely produced in the dissociative protonation
7I nalobenzenes:

+ . ~ + v N

Prenyvlium ions must 3ls0o be uniguely proiduced in the threshold elect-

ron—impact dissociation of the halobenzenes:

+
5

I - I o B by 3
CpHgX + e => ¢-CgH + X + le (2)
or ian the low energy photodissociation of the halobenzene cations:
+ +
That at least two isomeric CbH5+ ions are formed by electron
impace fragmentdtion of organic compounds as well as in ion/molecule

Teactlouns is demonstrated by the results given in Figure 1. Figur= 1,

: , , - + . " .
whicn represents the time-dependent decay of CeHg lons formed in the

. . . c o~y - +
e.2otrun=—impact triagmentation of C, H5CL, clearly shows that CeHs
popnliatiuns of distinctly dirfereac reactivities exist. The reactive
C0H * . oy e . N e S ‘-1“) ¥ - S .
cpHy iJ)ns exXhinit a4 rdate constant ot > x 1Y) tor the reaction:
.oy F g - + .
Z + clo- 4
\hds (‘6'{5 l > k‘l.ZHl') + Cl (4)
. +* . . N .
The Lij ions produced 1in the teaction:
oA, T % Cadadr - Code o+ HBr (5)
-y ‘43.‘31[‘ g wig t
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exhinit the same rdte constant for reaction with chlorobenzene, and
RS -
5 ..'..:'
N therefore <can be assumed to have the same structure as the reactive -
N
> population of fragment ions in the aromatic system. —
Ian order to assess which of the two populations corresponds to o
the phenvlium ion, noun-fragmenting C6H5Cl+ ions produced with 11 eV -
c.eclrons were irradiated witn 2 eV photons of tae argon ion laser ftfor
-
N . a3
4 short period of time, after which their decay rate was monitored. s
Jnder tuese conditions, only one population of COHST ions is produced; -2
. - . .
those Lodgy  lons redct with the parent chlorobenzene molecules with a
. -1t . . . . “
r=daction rate constant (5 x 10 LY cm3/molecule—s) which is identical o
to that obtained for the more reactive population formed in the elect-
run impact frigmentation experiment (Figure 1). The photodissociation, Eg
which occurs through a two-photon process, can only lead to the forma- o
tion 2f phenylium 1ons, and therefore, it can be concluded that the e
: ; + .
reaccive population has the c-CgHg structure. i
-
Because of the substantial differences in energy and energy
ddrriers petween the phenylium ion and the acyclic isomers, the iso-
zeric distribution of C6H5+ species formed under any given conditions
S
. i : : '] 3 \.-
will pe determined by the energy content with which the ions are
c e + . ) )
tormed. Thus, in acetylene, where CbHS ions are generated in a simple wa
]
addizion reaction:
-
Cu HaT + CoH, => CeHct (6) 5
473 272 675
Tae u°d5+ oroduct will originate with a total energy of 353 kcal/mol; =
€
tnis 1s dZ <cal/mol above the ground state of the phenylium 1ion, but
&) . . ) 1S4
w is naot sufiicient to cause dissociation. Reaction 5, which is the L
... .~-
o main  secondary reaction channel in acetylene, was found to vield two .
w
Cb*‘li*‘ populations (a reactive and an unreactive), with the unreactive .
. C5H3+ species accounting for 60% of the total population. Although




CID experiments had led to the conclusion that the latter ions are the
Snenylium ions, authentic phenyl ions generated through reaction 4
reacted with acetylene in a fast reaction. The rate constant {or this
reaction in pure acetylene was identical to that determined for the
authentic phenvl ions, thus demonstrating conclusively that the react-
ive, rather than the unreactive, population has the phenviium struc-
ture, The rate constant which can be ascribed to the reaction of the

)

acveclic C_H ions with acetylene is 0.15+U.02 x 1~ cm3/molecule-s,

b5
whicn is within experimental error the same as that obtained for the
unreactive de5+ ions (Figure 1) in chSCl when C,D, 1is added to the
system.

In the reaction:
CyHy ™ + CqH5CL -> CeHy™ + ucl (7)

the pruduct ions are formed with somewhat less excess energy over that
>T mhe ground state phenylium ion (<72 kcal/mol); anv excess vibra-

tional energy imparted to HCL will reduce the C6H5+ energy content.

The relatively high abundance of the unreactive population indicates

v

- that most of the energyvy is retained b the C.H + roduct ion.
gy y 605 ?

[y '; Y
‘v

= lonic Condensation Mechanisms

T4
o
;’ .. Another Study) explored the mechanisms of ionic condensation
L -
R oo . . ; . : C .
- pdrocesses #hich occur without activatinn barriers in competition with
o
. ri1st proton transfer reactions:
D
o] . + ,
E; . Fialabs BH™ + A (Ba)
Y AT+ 3 ~- N
« A

q e --> [ABH] (3b)
e

) -'.

. o E “ : . . - .

5' The conclusions, in agreement with the results of an earlier study

-" o , . ) . . ) B
o trom thnis Laborltoryb, were that the relative probabilities o7 the two

e e ol
LIRS Y

N AT N T
Haa e et e s Canans




chaanels

were determined by the initial configurations

ants in the collision <complex, i.e. the reaction

ioan 1s not formed, but rather a mechanism involving a

oueiaCion osccurs.
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}: MOLECULAR BASIS FOR LASER-INDUCED VAPORIZATION OF REFRACTORY MATERIALS
n '
b _
J.W. Hastie, D.W. Bonnell, and ?.X. Schenck éﬁ
Ceramics Diwvision -
National Bureau of Standards '
Introduction .
The primarv zoal of this task is the development of a molecular-level -
understanding of the vaporization and related ionization and aggregation f%

orocesses which occur when high-power laser energy interacts with

refractories. Materials of current interest include graphite, and

LA
(7]
b1y

raczorv carblide materials which are candidate protective materials for

orplzal applications. The task rationale and approach has been discus

0]
1]
@
b

detail in an earlier report, XNBSIR 84-2983, and recent results are e

described in the paper "Laser Vaporization Mass Spectrometry", submitted to
Sucl. Instr. and Methods in Phvs. Res. B. Beam Interactions with Materials f:
ind Acoms. N,
X
=
The basic experimental approach consists of coupling a high-power A
“d:7TAG laser with a speciallv designed wverv high pressure sampling
molecular beam mass spectrometer svstem (JHPMS). The wacuum svstem provides o
Inr extremely high pumping speed, simulating near-earth orbit gas dvnamics .
even when laser-evolved ges plumes from refractorv surfaces reach pressures -
above one atmosphere. Using laser-svnchronized detection methods. time and ;;
mass-resolved spectra of laser-induced wvapor species are obraired. The mass 7
spectrometric ‘MS) data provide the species specificitv needed for :%
24 =
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pd
¢
.
o ;
o . dezermination of xirecic and thermodvnamic parameters of the Laser heating
[P =
\ -. 3 -
il i' and vaporization process when coupled with Zemperature and gas dvnamic
VS information

OF oarTicular ourrent ‘nterest are the =Sfects ol laser sunerce
'
o sptical and sampling geometry, and surface morphology on the ~abor specles
; .. distributions  with respect to concentration and time) for a selection ot
SR ) ,
' zraphites. Since surface temperatures in excess of 4000 X, and
: meating, cooling -imes of milliseconds. or less. are involved., new, or
ho. improved, Teasurement methods are required. Methods under development
-, .
‘.. - . . fud . - - 1
,6 ¢ include techniques for determining surface and plume temperatures and the
sime-nistorw of wvapor species evolution.
S
D Resulcs for FY-86
S Modification of Plume Sampling Ceometry
T Nur previous experimental work confirmed equilibrium C, distributions
o in the wapor plume for off-axis (> 15° from surface normal) beam-sampling
‘ geometriass. Also. surface temperature appeared to be independent of laser
LN
-" R - . . .
RN 4 2nerzv at surface energy loadings of 10 - 40 mJ/cm?. The primarv observed
3 - zffect of increased laser power was a linear increase in species
l"i _"; . . - f - . . . . ‘ . o
e intensities but with no indication of temperature changes in the time-of-
o flight or species distribution data. This result suggests that a
D
L onvsiochemical restraint is limiting the temperature increase of the
O
- surface. Oualitative observations o eposit patterns indicate hat the
. rs Oualitative ob ti f d t te d ted that th
]
- heam was nighlv forward coliimated. Since the existing apparatus geometrvy
- prevented pervendicular (beam-sampling axis to plume axis angie of zero
35
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degrees) sampling, and there was evidence of laser-plume interaction even
at relatively low laser attack angles, the interaction was modified to
allow sampling at angles with respect to the surface normal of between 70°
and 15°. The chamber was re-constructed with multiple access ports and an
internal beam periscope but the off-axis laser impingement geometrv was
retained to minimize laser-vapor interactions and permit sample rastering
with the in-vacuum two-axis translation stages. The new apparatus

arrangement is shown in figure 1.

Initial testing indicated the need for a bench alignment procedure for
adjusting the periscope, and a He-Ne laser alignment system was developed.
This permits overall periscope alignment, including optimizing the external
adjustments possible at the last external Nd:YAG beam steering mirror.
Minor adjustments are-possible with the periscope system installed in the
vacuum system to account for the significant differences between the He-Ne

and Nd:YAG laser spot sizes and beam collimation.

The output coupling telescope of the Nd:YAG laser has been adjusted so
that the frequency doubled Nd:YAG beam spot size is about one cm at the 30
cm focal length lens used to focus the laser on the sample. This causes the
depth of focus to be smaller than with previous experiments, and allows a
larger laser beam spot to impact the periscope optics, with less likelihood

of laser damage to the optics in vacuum.

The final element of the periscope is a high laser power mirror,
coated for 532 nm laser radiation at 45° reflection. Initial experimental
work with this arrangement indicated that vapor deposition and laser damage

on the mirror element was negligible. However, after extended use, it was

36
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) N noted that spot damage was occuring., but with little correlation to

S
¥
{# _ conditions of operation of the vacuum svstem. We discovered arter carefu.
N
- s . . . -

A examination of the laser beam distribution that the damage was due to a
3

-
:C) o laser hot spot. I: appears that the Nd:YAG beam had been developing a ho=
o
v
. snpot for some period of time which coincidentiallv., and unfortunatelv. l-sd
- K
W . . * . - . - .
' o a best tuning pattern similar to that described by the laser operations
E" -, .
. :\. )
- manual. The damage was identified as a series of small burn spots on the
YO
B L . . : 2y s . . .

- laser rod. This resulted in an inability to obtain the nearlv gaussian beam

L - pattern desirable for these studies. The rod and a damaged polaricer have
=y

y -‘ T . - I3 .
o been replaced, and the laser system is again fully operational. also. we

N
2
" ég plan to prevent future damage by using a coated prism as the final element.
AV
LN
T Modification of Signal Detection Apparatus

)
s

-'u‘vo

s As part of the new experimental arrangement, we have implemented a

<

'\.: -
':E A boxcar integrator-based scanning technique which permits a slow mass

spectrometer scan of an entire mass spectral region synchronous with the

Lz
.
pr—

S laser. Figure 2 shows a block diagram of the electronics of this
! :,J
o’ . . . .
T experimental arrangement. The ramp generator is used via the external
P command input of the quadrupole control to sweep the mass setting of the
® ~
) :i mass spectrometer. It also provides the trigger to start the sweep of the
ﬁﬁ . signal averager used to log and average the data runs. The lamp svnch from
YN,
2 the Nd:YAG laser triggers the time base of the boxcar averager. As shown in
Fo - . . . . : o .
P figure 2, the gate. or integration time, of the boxcar is positioned in
L L
L7, . . . . .
K-, time to collect the ion signal synchronous with the laser. Since the
B¢, .
i; arrival time of the different ions are mass dependent, the width of the
o,
~ . : .
. gate has to be set wide enough to incoporate signals for all masses of
1 S
¥ e : . . :
ﬁﬁ - interest. This unfortunately increases the amount of integrated background
.9 a7
1% ™ <

L L A S S
P A ML PP
L R T Y m )

IS v P
Rt




. - ! e Jhat et AL

signal, with it’s inherent noise, relative to the truly synchronous laser
initiated signal. In these experiments, with the preamp input resistance
set to 107 ohms, the gate width used is 500 us. At 20 Hz, the repetition
rate of the laser, this results in a one percent duty cycle for integrating
the signal. The dc. non-laser svnchronous component could. in princple, be
removed by simultaneous background subtraction using the second gate or
channel of the boxcar averager. However, this capability was not used since

it increases the inherent ac noise in the signals.

In applving a deconvolution model to the time-resolved data, we
previously reported that the mass spectrometer instrumental response was a
major portion of the convolution function and would need to be dramatically
improved (at least by two orders of magnitudé), to enable extraction of the
temperature-dependent vapor-pressure generation function. In addition to
pressing the state of the art in charge amplifiers, this also necessitated
an improvement in time resolution. We have addressed this problem with two
approaches. Initially, the mass spectrometer charge amplifier is being
operated at maximum bandwidth and minimum gain (103 ohmé). Post-

amplification with a high gain differential one megahertz bandwidth

oscilloscope amplifier provides the high level signals needed by the signal
and boxcar averagers. We are currently investigating higher-bandwidth i
- alternatives to the existing 100% feedback charge amplifier technology. The
20 hoxcar, introduced to permit gated detection while sweeping the mass

- spectrum, could also be used to gather high speed time-resolved data, but
only at a very low duty cycle, i.e. one point per laser shot. To improve

time resolution we have initiated a procurement for a much faster signal

DRk xS Sl

+ averager to match the higher system bandwidth. As an alternative to analog

o Y
- o . , X
N data acquisition, we have also contracted for a custom designed ultra high Oy
N

N

N



speed multichannel scaling system, which will permit ion counting with time

resolution of a microsecond or less.

Representative Results

In the new perpendicular sampling geometry, the molecular beam pattern
clearly coincided with the mass spectrometer beam axis, even though the
periscoped beam was directed at the surface at approximately a 15° angle.
Unlike the studies at 15°, the 0° studies showed significant laser-
synchronous mass spectrometer peaks at the background mass positions, and
at mass peaks not identified with carbon. These data indicated that the
carbon C;, (n=1-5) peaks were of similar intensity to that observed off-
axis, even though estimates of macroscopic carbon transport from deposit
patterns indicated more than an order of magnitude more carbon beam densityv
on axls relative to 15° off-axis. Considerably higher than normal surface
damage was also noted, which was subsequently attributed to laser hot-

spotting (from the defective laser rod).

The new plume-sampling geometry and high speed signal amplification
has allowed us to monitor the evolution of surface layer and impurity
species from the graphite surface, using boxcar integration over regions of
mass spectra, as opposed to individual mass positions. Three typical time-

gated mass spectra are shown in figure 3. In figure 3a the laser is off and

the mass spectrometer ionizer is on. Thus this spectrum shows the
background signal integrated during the boxcar gate. The relatively high
background observed here is abnormal, and was identified as a cryo pumping
problem which manifested itself by an inability to adsorb permanent gases

on the time scale of the laser. This problem has been resolved, and the
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background is now negligable with respect to the plume species. The second
spectrum, figure 3b, has the laser on as well as the ionizer. There is a
laser-induced increase for the background signals noted in figure 3a. In
addition, m/e values of 12, 23, 36 and several broad peaks above m/e of 50,
appear in the spectrum. The difference between these spectra, i.e. figure
3b - figure 3a, would be the laser induced mass spectrum. The 12 and 36 m/e
values are identified as C; and C,, respectively. These spectra serve to
illustrate the sizes of the graphite signals relative to the background. In
figure 3c the laser is left on but the ionizer is turned off. In this mode
of operation the signal consists only of ions formed synchronously with the
laser. Comparison of the three figures indicates that the signals at values
m/e of 23, 39, and 41 are mainly the result of ions formed during the
laser-induced vaporization process. These peaks correspond to Na and the

two K isotopes. More details about the ion detection and sensitivity are

discussed below.

In the case of K at m/e 39, the m/e 41 isotope was observed with
identical peak characteristics to m/e 39, and a ratio, I,,/I,4 of 0.08,
essentially identical to the natural abundance ratio of 0.074. The alkalies
also exhibited the bimodal peak shape characteristic of other non-carbon
signals, with the fast component being dominant. With the mass spectrometer
electron bombardment ion source off, the fast component of Na and K was
identified as transmitted ions which comprised the majority of the mass
spectrometer signal. A small portion of the fast component of the carbon
species is ions. It should be noted that the mass spectrometer system is
intrinsically about four orders of magnitude more sensitive to ions than

neutrals, as the mass spectrometer electron impact ionization process is

only 70.01% efficient. These ions apparently are part of the plume
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formation process and should serve as probes of the plume. Svstematic
measurement of ions is planned when we have the special ion optics
components and power supplies currently in procurement. In addition to the
mass spectrometer studies, time-resolved optical emission (thermal) and

plume fluorescence studies have been initiated.

The graphitic carbon signals of figure 4 show distinctly bimodal peaks
in the ion intensity vs. time-of-arrival data, with an extremely sharp
initial arrival peak which we were unable to observe with the slower signal
detection electronics used previously and a superimposed slower component.
The fast component of these signals appears to be the result of ions formed
during the laser vaporization process and the slower component is
attributed to neutrals formed during the vaporization. Ubiquitous
background peaks now also appear with the very fast component and a broader
component. Additional work will be required to determine how much of the
very broad component of these surface species arises from electron impact

fragmentation, or other effects.

Results of laser vaporization on graphite samples, which were polished
zc T20-25 micron average surface roughness, were similar to those for the
100 micron surface roughness samples studied previously. With samples
polished to the order of a few microns, we can begin to see individual shot
damage, as expected. We experienced some sensitivity to beam focus in
initiating vaporization with low angle (i.e. far from normal) lgser
impingement with the more highly polished samples, but are not sure how
much of this difficulty resulted from the erratic beam profile behavior due
to the now-replaced damaged laser rod. Scanning electron microscope work to

examine the microstructure of the impact zones is in progress.

41

O Cn XSRS




N 0
X o
. -~
N -
\. ia
v '....‘
; =
FIGURE CAPTIONS .
! Figure 1. New Experimental Arrangement, showing beam periscope and in- ;;
N vacuum X-y translator (dimensions not to scale).
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Figure 2. Block Diagram of Electronics for Scanned Gated Detection of Mass o
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2 Spectra. -
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> Figure 3. Scanned Gated Mass Spectra of Graphite.
Figure 4. Time-Resolved Mass Spectrometer Signals. -
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